Mast cells are widely distributed throughout the body, predominantly near blood vessels and nerves, and express effector functions in allergic reactions, inflammatory diseases, and host defense. The activation of mast cells results in secretion of the preformed chemical mediators in their granules by a regulated process of exocytosis and leads to synthesis and secretion of lipid mediators and cytokines. Their soluble factors contribute to allergic inflammation. Mast cells are associated with hypersensitivity reactions, not only in the classical immunoglobulin E (IgE)-dependent mechanism but also in an IgE-independent manner. In particular, investigations of potential anatomical and functional interactions between mast cells and the nervous system have recently attracted great interest. To understand these molecular mechanisms in mast cell activation, the ability to visualize, track, and quantify molecules and events in living mast cells is an essential and powerful tool. Recent dramatic advances in imaging technology and labeling techniques have enabled us to carry out these tasks with high spatiotemporal resolution using confocal laser scanning microscopes, green fluorescent protein and its derivatives, and image analysis systems. Here we review our investigations of the dynamic processes of intracellular signaling molecules, cellular structure, and interactions with neurons in mast cells to provide basic and valuable information for allergy and clinical immunology using these new imaging methods.
Mast cells are a key cell type in the pathogenesis of immunoglobulin E (IgE)-dependent hypersensitivity reactions. The binding of multivalent antigens to receptor-bound IgE and the subsequent aggregation of the high-affinity Fc receptors for IgE (FceRI) provide the trigger for mast cell activation, as shown in Fig. 1 . The FceRI is comprised of four subunits, an IgE-binding a-subunit, a signal-amplifying and receptor-stabilizing b-subunit, and two disulfide-bound g-subunits that function as the main signal transducers.
2) Both the b-and g-subunits contain two tyrosine residues located within an immunoreceptor tyrosine-based activation motif (ITAM).
3) Engagement of the FceRI leads to activation of several Src family protein tyrosine kinases (PTKs). A Src family PTK, Lyn, phosphorylates the cytosolic tyrosine residues in the ITAMs in the b-and g-subunits.
4) Phosphorylated b-and g-ITAMs recruit Lyn and Syk, which is another PTK with tandem Src homology (SH) 2 domains, respectively. Interaction of Syk with the phosphorylated g-ITAM results in the autophosphorylation and activation of Syk.
5) It has recently been shown that another Src family PTK, Fyn, is also activated as a FceRI-proximal event that is independent of Lyn activation. 6) Fyn does not effectively phosphorylate band g-chains, suggesting that its function is distinct from that of Lyn. These PTKs lead to the promotion of signaling complexes organized by adaptor proteins such as the linker for activation of T cells (LAT). 7) This initiates the downstream activation of signal-transducing enzymes including phospholipase C (PLC)g, phosphoinositide 3-kinase (PI3K), and phospholipase D (PLD). The lipid-derived messengers, inositol 1,4,5-triphosphate (IP 3 ) that mobilizes Ca 2ϩ , diacylglycerol that activates protein kinase C (PKC), and phosphatidylinositol 3,4,5-triphosphate (PIP 3 ) that recruits and activates signaling proteins, and phosphatidic acid that regulates phosphatidylinositol 4,5-bisphosphate (PIP 2 ) production, act in concert to evoke degranulation and cytokine production.
8) The release of histamine and other potent chemical mediators that have been implicated in a wide variety of inflammatory and immunological processes is the primary event in acute allergic and inflammatory conditions. Cytokine secretion contributes to the leukocyte infiltration associated with late-phase reactions. 9) In addition to the well-defined IgE-dependent function described above, mast cells also play a prominent role in nonIgE-mediated hypersensitivity reactions. It has long been demonstrated that mast cells are closely apposed to nerves in a variety of tissues including the skin, intestine, and dura mater. [10] [11] [12] Some mast cells actually form membrane-membrane contact with nerves in vivo. 10) Nerves in association with mast cells often contain neuropeptides such as substance P and calcitonin gene-related peptide (CGRP). Since nerves release these neuropeptides upon stimulation and mast cells express receptors for many neuropeptides, it is likely that nerve activation results in mast cell activation. Electrical stimulation of neurons induces morphological changes reflecting secretion in mast cells located close to the nerve fibers. 13) On the other hand, a variety of molecules are synthesized by, released from mast cells, and can in turn influence neuronal activity. 14, 15) Tryptase stored in mast cell granules directly activates proteinease-activated receptors expressed in neurons. 16) Products of arachidonic acid metabolism such as cysteinyl leukotrienes and prostaglandins influence the local environment involving nerves. 17) Cytokines including tumor necrosis factor (TNF)-a and growth factors such as nerve growth factor (NGF) cause changes in local nerves which lower their threshold to activation. [18] [19] [20] These nerve-mast cell effects are bidirectional and are postulated to participate in the promotion and regulation of inflammatory diseases such as sclerosis, interstitial cystitis, and irritable bowel syndrome. [21] [22] [23] Under these situations, we have considered that the analysis of intracellular dynamics of signaling molecules provides important information from a new aspect to understand the molecular mechanisms of allergic reaction and inflammation. Accordingly, we have studied intracellular movements of Ca 2ϩ and signaling molecules with high spatiotemporal resolution in a living single mast cell using new microscopic techniques. Further, bioimaging has progressed extraordinarily during last 2 decades and has contributed to the study of cell biology, histology, immunology, and pathology. It has also changed the approach to study cell signaling and cell function and ushered in a new era in cooperation with technical progress in molecular biology, especially in cell biology. In this review, we describe our imaging analysis of calcium signals, degranulation, transcriptional activity, and interaction with neurons in mast cells at the single-cell level.
CALCIUM SIGNALS
A number of biochemical events occur subsequently to the aggregation of FceRI. Activation of PLCg is an important process in the signaling pathway. PLCg catalyzes the hydrolysis of membrane-associated PIP 2 , thereby generating diacylglycerol and IP 3 . IP 3 diffuses rapidly from the plasma membrane to bind with IP 3 -specific fluorescent probe) were dim in the resting state. They were excited by an argon ion laser (488 nm). After stimulation with antigen, Fluo-3 fluorescence intensities in individual cells increased with different lag times, and fluorescence images became more heterogeneous. The areas of bright fluorescence appeared to belong to the nucleus in RBL-2H3 cells based on the morphological pattern. We confirmed this using a DNA-specific fluorescence probe (Hoechest 33342) excited by a He-Cd laser (325 nm) and the probe was coloaded with RBL-2H3 cells with Fluo-3. The brighter part of Fluo-3 fluorescence intensity was identical to the nucleus, suggesting that the FceRI-mediated Ca 2ϩ signals were transferred not only to the cytoplasm but also to the nucleus. 26) Based on ratio-imaging using Indo-1 (a ratiometric Ca 2ϩ -specific fluorescent probe), it was estimated that the Ca 2ϩ concentration was 200-300 nM higher in the nucleus than in the cytoplasm. The receptor-mediated nuclear Ca 2ϩ signals were also found in B lymphocytes and T lymphocytes. [27] [28] [29] These findings suggested the possibility that Ca 2ϩ may act as a nuclear messenger in mast cells and lymphocytes. Further, to study the mechanism of the intranuclear Ca 2ϩ increase, thapsigargin which is an inhibitor of Ca 2ϩ -ATPase on the ER was added to mast cells and lymphocytes. We found that thapsigargin elcited an increase in cytosolic and nuclear Ca 2ϩ concentration by depleting Ca 2ϩ from the ER, and that the subsequent Ca 2ϩ influx via SOCs by the depletion of Ca 2ϩ in the ER also elicited an increase. [30] [31] [32] These results suggest that increased intranuclear Ca 2ϩ was mainly derived from the cytoplasm.
DEGRANULATION
The increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) and the activation of PKC, induced by IP 3 and diacylglycerol, respectively, lead to degranulation, causing the release of histamine and other potent inflammatory mediators from mast cells. In assessing mast cell function, a degranulation response has typically been defined by measuring histamine, arachidonic acid metabolism, tryptase, and b-hexosaminidase released from abundant mast cells or by observing the density of granules in mast cells using electron microscopy (EM). However, since it is difficult to study the steps of the degranulation pathway in mast cells using conventional microscopy, new microscopic strategies to visualize the degranulation process at the living single-cell level have been anticipated to study the molecular mechanisms of degranulation and perform functional analysis in mast cells. Here we introduce our microscopic approaches to visualize degranulation in individual mast cells.
CD63 CD63 is a glycoprotein with a molecular mass of 50-60 kDa known as a member of the transmembrane 4 superfamily (TM4SF) and is located not only on the plasma membrane but also on the basophilic granule membranes in resting basophils, mast cells, and platelets. 33, 34) Activation of basophils or mast cells induces fusion of cytoplasmic granule membrane with the plasma membrane and the successive release of inflammatory mediators such as histamine. Upon activation of human basophilic granulocytes with anti-IgE, the expression of CD63 on the cell surface is increased, as detected by flow cytometry, together with anti-CD63 monoclonal antibody. 35) Therefore the surface expression of CD63 in individual mast cells was examined under a CLSM using mouse monoclonal anti-CD63 antibody (AD1).
33) The surface expression of CD63 was found to occur almost simultaneously with histamine release after antigen stimulation in RBL-2H3 cells. 36) The surface expression of CD63 was also measured in three types of P815 mastocytoma cells transfected with mutant FceRI. 36) In P815 cells with wild-type FceRI (P815wt), the surface expression of CD63 increased upon the stimulation with antigen. However, in P815bct and P815gct cells with mutant FceRI in which the C-terminal do-mains including ITAM of the b-and g-chains had been truncated, respectively, surface expression did not increase after antigen stimulation. This indicates that the surface expression of CD63 reflects degranulation in real-time in living mast cells. However, the dynamic movements of CD63 on the intracellular secretory granule membranes remain to be elucidated. To determine the dynamics of secretory granules, we prepared a plasmid of CD63-green fluorescent protein (GFP) and introduced it into RBL-2H3 cells to obtain stable transfectant cells. 37) CD63-GFP chimera proteins were located on both the granule membranes and the plasma membranes. The diameter of the fluorescent granules in the cytoplasm varied from 0.5 to 1.5 mm. The major population of fluorescent granules did not move at all in resting cells, although a few granules apparently moved straight along the longitudinal axis of a pseudopodium. In contrast, with antigen stimulation, the plasma membrane ruffled violently and the granules moved dramatically. One-third of fluorescent granules moved toward to the plasma membrane, and the average velocity of the granules was calculated to be 0.10Ϯ 0.02 mm/s. They reached the plasma membrane in a few minutes and fused with it instantaneously. Thus real-time observation of plasma membrane ruffling and intracellular granule movements utilizing CD63-GFP chimera proteins provided a new insight into the elementary process of degranulation in mast cells.
Atomic Force Microscopy Compared with light microscopy, atomic force microscopy (AFM) has advantages for spatial resolution close to those of EM. 38) AFM has been used for many biological specimens such as DNA, proteins, membranes, and cells. Exocytosis-related events at the cell surface in mast cells have been visualized with AFM. 39, 40) The surfaces of RBL-2H3 cells were observed under tapping-mode AFM under air pressure after fixation with glutaraldehyde. None of the crucial treatments such as metal coating for preparing EM samples are needed for AFM. AFM images showed that resting RBL-2H3 cells had a round and thick cell body with long pseudopodia, with a nearly smooth surface. Antigen stimulation for 15 min induced a strong spreading response, accompanied by a transformation of the cell surface to a lamellar topography. It was also found that there were various pits on the surface of cell membranes. The diameters of these pits varied from 0.05 to 1.0 mm. These pits were classified roughly into two groups, larger and smaller. The diameters of the larger and smaller pits were consistent at about 0.4-1.0 mm and 0.05-0.2 mm, respectively. The larger pits were assumed to be discharged granules because the time-course of their appearance on the cell surface coincided well with that of b-hexosaminidase secretion and they were not observed in the absence of extracellular Ca 2ϩ . On the other hand, the smaller pits might be due to coated pit-like structures related to FceRI-mediated endocytosis because their diameters correlated with those of coated pits observed under EM and they disappeared following pretreatment with wortmannin, an inhibitor of PI3K. These results indicate the value of AFM measurements in the detection and analysis of degranulation in mast cells.
TRANSCRIPTIONAL REGULATION
In addition to the release of inflammatory mediators from cytoplasmic granules, there are significant nuclear components to the activation of mast cells after the ligation of FceRI. Signaling molecules that translocated from the cytoplasm to the nucleus upon the aggregation of FceRI play important roles in the induction of the expression of various genes and the synthesis of cytokines such as interleukin (IL)-3, IL-4, IL-5, IL-6, IL-10, granulocyte macrophage-colony stimulating factor (GM-CSF), and TNF-a, as shown in Fig.  1 . Transcriptional factors such as nuclear factor of activated T cells (NF-AT) and nuclear factor kB (NF-kB) are bound to promoters in cytokine genes. [41] [42] [43] [44] Nuclear location and activation of NF-AT are regulated by calcineurin, a Ca 2ϩ -dependent phosphatase. NF-kB is activated and translocated to the nucleus via the pathway including NF-kB-inducing kinase (NIK) and IkB kinase (IKK) that induce the phosphorylation and degradation of IkB. 45) Furthermore, three major subfamilies of mitogen-activated protein kinases (MAPKs), which are extracellular signal-regulated kinases (ERKs), c-Jun NH 2 -terminal kinases (JNKs), and p38, respectively, are activated through sequential phosphorylation of cytosolic protein kinases to lead signals from the plasma membrane to their cytosolic and nuclear targets, regulating nuclear transcription factors. 46, 47) The activation of these different MAPKs involves their phosphorylation by MAPK kinase (MAPKK) family proteins including MAPK/ERK kinase (MEKs). The activation of MAPKKs involves their phosphorylation by MAPKK kinase family proteins including Raf-1. The MAPKKs phosphorylate specific MAPK family members on both a tyrosine and a threonine, resulting in MAPK activation. Moreover, each pathway is downregulated by a variety of phosphatases that function specifically in different pathways.
It is important to study the process of nuclear translocation in those signaling proteins intimately involved in transcriptional activity to understand how cellular signaling is transduced to the nucleus from the cytoplasm. GFP and its derivatives are considered to be potent and powerful tools to observe nucleocytoplasmic mobilization and to study the molecular mechanisms of nuclear translocation. Here we discuss the intracellular dynamics of ERK2, one of the MAPK family proteins, after the ligation of FceRI in mast cells.
To monitor nucleocytoplasmic movements of ERK2 in real time, the chimera protein of ERK2 with yellow fluorescent protein (YFP), a GFP derivative, was prepared and introduced into RBL-2H3 cells. YFP-ERK2 was mainly present in the cytoplasm in resting RBL-2H3 cells, and in some cases the expression of excess amounts of ERK2 resulted in its nuclear accumulation, as shown in Fig. 2a . Upon stimulation with antigen, translocation of YFP-ERK2 into the nucleus occurred mostly in the RBL-2H3 cells following the increase in [Ca 2ϩ ] i . 48) The fluorescence intensity of YFP-ERK2 increased first, and it decreased again in the nucleus of the RBL-2H3 cells. On the contrary, the fluorescence intensity of YFP-ERK2 decreased first in the cytoplasm with a similar lag time and then increased again. The average fluorescence intensities in the nucleus and the cytoplasm did not change during 30 min, as shown in Fig. 2b . These results indicate that the import of ERK2 reached the maximum at 6-7 min and that the export to the cytoplasm was almost completed ca. 15 min after the ligation of FceRI. The results of kinetic study of ERK2 translocation were consistent with the phosphorylation patterns of transfected and endogenous ERKs, as shown in Fig. 2c . These demonstrated that ERK2 was shuttling between the cytoplasm and the nucleus dependent on its phosphorylation state after stimulation with antigen.
To investigate the nucleocytoplasmic movements of ERK2 and MEK simultaneously, YFP-ERK2 and MEK-cyan fluorescent protein (CFP) were coexpressed in RBL-2H3 cells. YFP-ERK2 and MEK-CFP were present mainly in the cytoplasm in resting cells. After the addition of antigen, YFP-ERK2 was imported into the nucleus, but MEK-CFP was not. While the import of ERK2 reached the maximum at 6-7 min and then the imported ERK2 was exported from the nucleus, no significant change in MEK distribution was detected after the ligation of FceRI. MEK has a nuclear export signal (NES) sequence in the N-terminal region (residues 33-44), while ERK2 has neither a nuclear localization signal (NLS) nor NES sequences.
49) The present results suggest that the NES sequence in MEK might play a role in the rapid nuclear shuttling of ERKs after the ligation of FceRI. When RBL-2H3 cells were pretreated with leptomycin B, an inhibitor of Crm1-dependent nuclear export, 50) MEK was partially distributed in the nucleus. After the addition of antigen, the nuclear import of ERK2 was unaffected, but the nuclear export became slower by pretreatment with leptomycin B. These results suggest that the rapid nuclear shuttling of ERK2 was dynamically regulated by MEK after antigen stimulation in RBL-2H3 cells. 48) Nuclear shuttling of ERK2 was also likely to be controlled by other signaling molecules. Differences in [Ca 2ϩ ] i levels were found to affect the phosphorylation and nuclear import of ERK2. The transient [Ca 2ϩ ] i increase that was induced either by the FceRI aggregation in the absence of extracellular Ca 2ϩ or by the coclustering of FceRI and FcgRIIB, a low-affinity IgG receptor with the immunoreceptor tyrosine-based inhibition motif (ITIM), did not trigger the optimal translocation of ERK2 into the nucleus and suppressed the subsequent TNF-a production in RBL-2H3 cells. 48, 51) There is other evidence that Ca 2ϩ regulates transcriptional activities. It was reported that the amplitude and the duration of Ca 2ϩ signals controlled differential activation of the proinflammatory transcriptional regulators NF-kB, JNK, and NF-AT in B lymphocytes.
52) It appears, therefore, that the specificity of cellular responses encoded by calcium signaling patterns results from differences in the Ca 2ϩ sensitivities and kinetic behavior of these transcriptional regulators. Nuclear Ca 2ϩ as well as cytosolic Ca 2ϩ controls gene expression. It was found that an increase in nuclear Ca 2ϩ concentration controlled Ca 2ϩ -activated gene expression mediated by the cyclic AMP-response element (CRE) in the c-fos promoter and that the CRE-binding protein (CREB) can function as a nuclear Ca 2ϩ -responsive transcription factor. 53) CREB activity is regulated by its phosphorylation on serine 133, which can be catalyzed by a number of protein kinases including cAMP-dependent protein kinase, calcium/calmodulin-dependent kinase (CaMK) IV, ribosomal S6 kinase (RSK) 2, and MAP kinase-activated protein (MAPKAP) kinase 2. These indicate that Ca 2ϩ is intimately involved in gene expression via the activation of transcriptional regulators and contributes to the efficacy and specificity of cellular signaling to mediate a diverse array of cell functions.
INTERACTION WITH NEURONS
There has been an exponential increase in data illustrating that the immune and nervous systems are not disparate entities. 54, 55) The mast cell-nerve relationship has served as a prototypic association and has provided substantial evidence for bidirectional communication between nerves and immune cells. 56) Many studies have shown that messenger molecules (e.g., neuropeptides) from nerves can elicit mast cell degranulation and that mast cell-derived mediators (e.g., histamine, serotonin, and platelet-activating factor) modulate neurotransmission. 57, 58) Early studies elegantly described the nonrandom spatial association of mast cells and nerves in a variety of tissues in which membrane-membrane contacts could be observed. 10) However, while the tissue studies showed a functional nerve-mast cell interplay, they did not dismiss the possibility that an intermediate cell transduces or modulates the nerve-mast cell communication. We utilized an in vitro coculture model comprising RBL-2H3 cells and neuritesprouting murine superior cervical ganglia (SCG) to examine direct neurite-mast cell communication. A selective association was seen between SCG and RBL-2H3 cells in cocul- tures. 59) EM images showed that the contacts between their membranes were less than 20 nm and dense-core vesicles were found in the neurites proximate to RBL-2H3 cells. 60) Changes in the electrical properties of RBL-2H3 cell membranes upon contact were also noted, and RBL-2H3 cells stopped dividing upon contact and increased their mediator content and number of granules. 61, 62) Interactions between Nerves and RBL Cells We have shown direct communication between RBL-2H3 cells and SCG in cocultures using Ca 2ϩ imaging to indicate evidence for activation and signaling. The addition of bradykinin or scorpion venom to SCG cultures only resulted in a dose-dependent neurite activation but did not evoke an increase in [Ca 2ϩ ] i when added directly to RBL-2H3 cells in the absence of SCG neurites. In coculture studies, bradykinin or scorpion venom-induced neurite activation was invariably followed by activation in RBL-2H3 cells in contact with the activated neurites, as shown in Fig. 3 .
63) The number of RBL-2H3 cells responding increased in accordance with increasing concentrations of bradykinin or scorpion venom. These results show that activation of a nerve fiber directly elicits an activation event in an RBL-2H3 cell attached to the activated fiber. On the other hand, when RBL-2H3 cells were stimulated with anti-FceRIa antibody in cocultures to determine a signal transduction from RBL-2H3 cells to SCG neurites, neurite activation occurred in response to RBL activation. 63, 64) Neurites were affected at considerable distance (Ͻ160 mm) from activated RBL-2H3 cells. These data clearly show that SCG neurite or RBL-2H3 cell activation can result in activation of the reciprocal cell type in the absence of any modulating or transducing effects of an intermediary cell.
Substance P can induce the release of histamine from certain types of mast cells such as peritoneal and mucosal mast cells, human mast cells, and human pulmonary mast cells, further supporting the functional interaction between mast cells and substance P-containing nerves in vivo. 57, [65] [66] [67] Since substance P in isolated SCG neurons maintained in culture showed a 25-fold increase within 48 h in vitro, 68) we proceeded to assess substance P as a putative mediator responsible for the direct activation from SCG neurites to RBL-2H3 cells. Measurements in which cocultures were stimulated with bradykinin in the presence of neutralizing anti-substance P antibodies revealed that the inclusion of the antibodies dose-dependently prevented the activation in RBL-2H3 cells. It has been reported that substance P induces mast cell activation via both a receptor-independent and a receptor-dependent pathway. Higher concentrations of substance P cause direct activation of G protein. The positively charged N-terminal amino acid residues of substance P are responsible for this receptor-independent pathway. 69) On contrary, lower concentrations of substance P cause mast cell activation by interaction with the neurokinin (NK)-1 receptor, which is a tachykinin receptor preferentially bound to substance P. 65) Additionally, RBL-2H3 cells were shown to express NK-1 receptors on their surface. 70) Next, the ability of tachykinin receptor antagonists to abrogate the activation in RBL-2H3 cells after neurite activation was examined. Inclusion of the NK-1 receptor antagonist (CP99,994-01) in cocultures did not affect the neurite activation evoked bradykinin, but significantly and dose-dependently inhibited the subsequent increase in RBL activation. In contrast, the NK-2 receptor antagonist (SR48,968) did not affect either neurite activation or the subsequent Ca 2ϩ mobilization in RBL-2H3 cells in cocutures. These results indicate that the neuronal-derived substance P activated the RBL-2H3 cells in contact with the activated neurites via NK-1 receptors. 63) Degranulation in RBL Cells by Nerve Activation Next, to assess mast cell function in nerve-mast cell communication, we studied the degranulation process in RBL-2H3 cells by measuring the cell surface structure in AFM and CD63-GFP granule movements in CLSM. 71, 72) AFM images of neurite-RBL coculture showed that a thin neurite with a growth cone extended over a fiber-like pseudopodium of RBL-2H3 cells and that contact between the growth cone and the RBL-2H3 cells occurred over about 7 mm, as shown in Fig. 4a . Whereas RBL-2H3 cells attached to neurites had a spherical and nearly smooth cell body in cocultures, they spread and flattened 20 min after the addition of bradykinin, as shown in Fig. 4b . 71) Several discharged granules with diameters of 0.5-1.0 mm were also found on the surface of RBL-2H3 cells. Such morphological changes in RBL-2H3 cells induced by nerve activation were similar to those upon antigen stimulation. However, the number of discharged granules after nerve stimulation was much fewer than that after antigen stimulation. This may be due to the local activation of RBL-2H3 cells through the contact site with neurites. These morphological changes were not found in RBL-2H3 cells not in contact with neurites. In addition, the NK-1 receptor antagonist mostly inhibited the activated neurite-induced degranulation in RBL-2H3 cells. AFM images showed that activation of the SCG neurites was able to elicit degranulation in RBL-2H3 cells attached to neurites.
To investigate further the degranulation process in RBL-2H3 cells induced by neurite activation, we used a coculture system composed of SCG neurites and RBL-2H3 cells stably expressing CD63-GFP, as shown in Figs. 4c and d . The plasma membrane ruffling was examined in RBL-2H3 cells in contact with bradykinin-stimulated neurites. After bradykinin stimulation of neurites, there was significant and obvious RBL cell membrane ruffling, but this was restricted to the point of contact with the neurite. The addition of scorpion venom to the neurite-RBL cell cocultures also induced a local ruffling response in the pseudopodium of RBL cells in contact with neurites but not in the pseudopodia that were distinct from neurites, as shown in Figs. 4e and f. The percentage of RBL cells responding to neurite activation by membrane ruffling was dose-dependently inhibited in the presence of the NK-1 receptor antagonist, but not in the presence of the NK-2 receptor antagonist. RBL-2H3 cells expressing CD63-GFP allowed tracking of granule movements following activation. In the absence of neurite stimulation, the RBL cell granules were largely inactive. In contrast, after neurite activation, we found increased granule movements in the contacting RBL cells, with the most dramatic granule movements being predominantly located adjacent to the neurite contact point. Those granules located close to the neurite (within 10 mm of the contact point) became highly motile and moved toward the plasma membrane at an average velocity of 0.13Ϯ0.04 mm/s. Granules distant from the site of contact were considerably less motile (0.05Ϯ0.01 mm/s), and their movement patterns were, on average, largely reminiscent of the granules in RBL-2H3 cells in unstimulated cocultures. 72) These results support an important role for substance P in nerve-to-mast cell communication and define the movements of locally sited granules toward the plasma membrane as a consequence of excitation and a possible precursor to degranulation. The demonstration that neurite activation not only causes a Ca 2ϩ response in the RBL-2H3 cells associated with the neurites but also is followed by dramatic plasma membrane ruffling and morphological change at cell-cell contact sites highlights a very precise, confined, and specific means of cross-talk between nerves and mast cells.
Mast Cell Activation According to Level of NK-1 Receptor Expression While mucosal and skin mast cells can be activated by substance P, evidence for this communication occurring directly through NK-1 receptors has so far been limited. It was demonstrated that RBL-2H3 cells express NK-1 receptors on their surface, 70) but it was not widely accepted that mast cells express NK receptors under normal physiological conditions. Since RBL-2H3 cells are a cell line and bone marrow-derived mast cells (BMMCs) are thought to be mucosal mast cell counterparts, we conducted experiments to establish the determinants of response in coculture and correlate this with the degree of expression of NK-1 receptors on BMMCs. It has recently been found that substance P causes dose-dependent degranulation in BMMCs cultured with IL-4 and SCF, and that BMMCs express functional NK-1 receptors under the influence of IL-4 or SCF but express the greatest numbers when IL-4 and SCF are both present. [73] [74] [75] Therefore we cocultured BMMCs, which had been cultured under various conditions to obtain different percentages of NK-1 receptor expression, with SCG to investigate the population of mature BMMCs positive for the NK-1 receptor (c-kit 5 ). When no NK-1 receptors were expressed, even though the majority of BMMCs were c-kit positive, the response was negligible. These results indicate that BMMCs respond in association with activated nerve fibers according to the level of NK-1 receptor expression, suggesting that the presence of NK-1 receptors on BMMCs confers increased sensitivity to substance P derived from neurites.
76)

Adhesion Proteins Involved in Interactions between
Nerves and Mast Cells We attempted to identify the adhesion proteins involved in the contact between neurites and mast cells. Once formed, the contact between SCG neurites and RBL-2H3 cells was maintained for up to 120 h and on average there was Ͻ20-nm distance between apposed membranes. Dense-cored neurosecretory vesicles accumulated in the neurite endings apposed to the RBL-2H3 cell membrane, while no specialized structures were seen either in neurites or RBL-2H3 cells. 60) We focused on cadherins, which are a family of Ca 2ϩ -dependent and homophilic cell adhesion proteins playing a role in the formation of synaptic plasticity. Therefore the involvement of cadherins in contact between nerves and mast cells has been examined using in vitro coculture of SCG neurites with BMMCs instead of RBL-2H3 cells, since RBL-2H3 cells are much more adhesive than BMMCs and adhere non-specifically to culture dishes. Western blotting and immunostaining analysis showed that both SCG and BMMCs expressed N-and E-cadherins, and that Nand E-cadherins are present mainly in the cytoplasm of BMMCs in the absence of SCG neurites. With the association of neurites, however, N-cadherin was localized on the plasma membrane of BMMCs, but E-cadherin was not. bCatenin, which is a protein associated with cadherins in the cytoplasm, was also accumulated at the periphery of the plasma membrane in BMMCs attached to neurites, while it was distributed in the cytoplasm without neurites. The pre- sent results suggest that N-cadherin, but not E-cadherin, is involved in the contact formation between nerves and mast cells in collaboration with b-catenin. 77) In addition, Biederer et al. 78) and Ito et al. 79) have recently isolated the same molecule, designated the synaptic cell adhesion molecule (SynCAM) or spermatogenic immunoglobulin superfamily (SgIGSF) in different processes. Biederer et al. showed that SgIGSF/SynCAM is localized preferentially on both sides of most synapses in the brain and functions as a homophilic adhesion molecule that spans the synaptic cleft in the nervous system. 78) Ito et al. found that SgIGSF/Syn-CAM mediates the adhesion of BMMCs to fibroblasts and that the expression of SgIGSF/SynCAM in BMMCs is regulated by the microphthalmia transcriptional factor (MITF). 79) Since SgIGSF/SynCAM is strongly considered to be one of the candidates involved in the attachment and communication between mast cells and nerves, we examined this possibility by coculturing SCG neurons and mast cells with or without SgIGSF/SynCAM. SgIGSF/SynCAM was localized intensively at the contact site between mast cells and neurites. Mast cells lacking SgIGSF/SynCAM attached poorly to neurites, and ectopic expression of this adhesion molecule significantly improved their attachment. The attachment levels of mast cells expressing SgIGSF/SynCAM were dose-dependently reduced in the presence of an anti-SgIGSF/Syn-CAM blocking antibody. These results suggest that SgIGSF/SynCAM is the major adhesion molecule that mediates in vitro attachment between mast cells and neurites. 80) We also studied the involvement of SgIGSF/SynCAM in the communication between mast cells and nerves. Our results showed that there is a significant difference in the proportion responding to neurite activation between mast cells with and without SgIGSF/SynCAM. Only one-quarter of mast cells without SgIGSF/SynCAM responded to neurite activation, whereas more than one-half of mast cells with the adhesion molecule responded. The responding rate of mast cells with SgIGSF/SynCAM to neurite activation dose-dependently decreased in the presence of an anti-SgIGSF/Syn-CAM blocking antibody. In addition, the NK-1 receptor antagonist (CP99,994-01) blocked the responding rate to neurite activation in mast cells without SgIGSF/SynCAM at much lower concentrations than in mast cells with the adhesion molecule. Thus SgIGSF/SynCAM is likely not only to function as simple glue in nerve-mast cell interaction, but also to promote the development of a microenvironment where mast cells have an enhanced susceptibility to nerve activation, as shown in Fig. 6 .
CONCLUSION
In this review, we mainly presented our work on the imaging analysis of cellular signaling in mast cells. The microscopic technology to study the dynamic molecular organization and signaling events in individual living cells has recently advanced and played an essential role in many fields of life science such as cell biology, immunology, physiology, and neurology. Our approach utilizing the advantages of microscopic analysis provided new aspects of information on the mobilization of intracellular Ca 2ϩ , secretory granules, and signaling proteins in FceRI-mediated mast cell activation. On the basis of techniques to study signaling events in single cells, the microscopic methods could be further developed for investigating unequivocally the bidirectional communication between mast cells and neurons which may be involved in physiologic or pathologic processes in inflammation, disease, and reactions to stress.
Mast cells are considered to function as ancillary aids against infection, promoters of tissue repair, regulators of blood vessel tone, permeability, and angiogenesis, important mediators of stress and allergy, regulators of the neuroendocrine system, purveyors of sensory information to the central nervous system, and effector targets for efferent nervous pathways. 81) Therefore it is important to study molecular mechanisms through which mast cells function. The role of microscopic techniques is becoming more important since they yield information on specific molecular components of cells with high spatiotemporal resolution. We hope that our strategy and results can contribute to an understanding of the immune response and complicated regulation in our body.
